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Figure Captions teristics. This accounts, in part, for the difficulties encountered in attempting to establish useful experiments which will simulate conditions of practical interest and also yield meaningful and reproducible data. The situation is further aggravated by the low rates at which erosive wear generally takes place in practice, requiring lengthy te s or, to reduce time of test duration for equally precise measurements, the imposition of unduly accelerated erosion conditions.
Testing under conditions of accelerated erosion is desireable because it allows the rapid accumulation of experimental results.
However, in conceiving an accelerated erosion experiment care must be taken to ensure that the data derived from the experiment relates to the system of practical interest. If in some way the exper-iment has constraints which limit the applicability and, therefore, usefulness of the measurements, these must be known and understood.
Pitfalls
Various pitfalls, which are not readily obvious, beset the development of a useful accelerated erosion experiment. These relate to the question of whether or not geometrical and dynamical similarity exist between the experimental configuration and the full scale system it purports to model. A simple but significant example will clarify this point. Consider an industrial slurry flow component in which there exists a n ui d 1 ayer near the component wall where viscous effects strongly influence the structure and speed of the liquid and particle motions. The thickness of this viscous layer could well be of the order of 5 = 100 Dp• where DP is an equivalent particle diameter in the slurry flow. propeller or a small flat metal specimen placed tangent to the rotating slurry. Since these studies have generally been in aqueous systems at ambient temperatures, the corrosion component of wear has been pronounced, and corrosion behavior is often the main purpose of the test. In many pot studies the fluid mechanics are poorly defined, but this is generally nized and improved systems have been used (7) . Thus, slurry pot tests have been useful in studying corrosionerosion of aqueous coal slurries, indicating the importance of deaeration and effectiveness and concentration of inhibitors. In fact.
slurry pot tests correlate better than loop tests with field performance in coal-water slurry pipelines.
DESCRIPTION OF THE SLURRY POT TESTER AND EXPERIMENTAL METHODOLOGY Slu Pot Tester
In the present work accelerated erosion conditions were attained in the 2 liter capacity slurry pot tester depicted schematically in Temperature within the tester was kept constant at 25°C ± 1°C
by electric blanket heat·ing combined with the flow of coolant water through a coil resting on the bottom wall of the tester. Temperature was monitored at one point in the flow by inserting a thermocouple protected by a stainless steel sheath through the tester lid.
E xp~!lJent a l Methodo l og}f, Coa·l and silicon carbide particles were sieved on Tyler testing sieves in a Ro-tap machine to obtain the size ranges of interest in the experiment. Particle samples were dried in flat pans in an electric oven through which Argon gas flowed, for 2-4 hours at 85-95°C.
A dried particle sample was immediately used to prepare the slurry mixture for an experimental run.
Two tubular metal samples were washed with acetone, dried in compressed air and weighed to within ±0.1 mg prior to securing them between the flat side arms one on each side of the center shaft. The two samples in each test were of the same material, The shaft was then placed in the freshly cleaned tester and filled to within 1" (2.54 em) from the tester top with a room temperature kerosene slurry of known wt% particle (solid) phase concentration, The lid was fastened to the tester and nitrogen gas was immediately made to flow over the free surface of the slurry. Seals on the lid and around the shaft, together with the injected nitrogen gas, helped to minimize corrosive effects due to the possible presence of air and humidity.
Variables controlled in the experiment were: initial particle concentration and mean particle size, type of metal sample, metal sample speed of rotation and slurry temperature. Rates of erosion were determined by measuring and averaging the v~e i ght loss of both metal tubes at periodic intervals during the course of an experimental run, These periodic interruptions were carried out carefully and with a minimum disturbance to the system, Prior to weighing the samples they were always washed in acetone and dried with compressed air.
Tests were conducted for various combinations of speed of rotation, type of steel sample, particle concentration and mean particle size and water content of the starting coal. Table 1 Similar data for silicon carbide particles is shown in Figure 5 .
Typical results denoting the influence of particle water content, temperature and fluid mechanic behavior of the slurry in the present work are plotted in Figures 6-8 , respectively.
All the erosive wear curves show similar characteristic features.
While erosion increases with time the rate at which it does so decreases, indicating that the phenomenon tends to an asymptotic value. This is explained partly by the comminution of particles as they repeatedly strike the rotating test sample, the propeller blades and the walls and baffles within the container; partly by the change in specimen geometry as it erodes and partly by the possibility of work hardening of the surface. Because of these effects and the possibility of nitrogen gas inclusion in the liquid phase, it is more appropriate to use the slope of an erosion curve at t = 0 as the measure for the rate of erosive wear. In actual fact a chord joining t = 0 to the fir data point on an erosive wear curve may be determined more precisely than the tangent at t = 0 and is, therefore, a more reliable measure of the rate of erosion. This practice was followed in the correlation of empirical results discussed further below. Figure 5 for the erosion of A-53 mild steel and 304SS. The latter results are in the same pattern as the data for co a 1 but show rates of eros ion which are 40 to 100 times larger and a somewhat higher rate for the A53 mild steel. The substantial increase in erosion for the case of silicon carbide is not only due to an increase in particle size. hardness and angularity but also to an increase in density relative to coal. At equal velocities a particle of silicon carbide has more kinetic energy than one of coal of equal size and is, therefore, capable of producing greater rates of erosion. The significant increase in erosion rate at 40fps compared to 20 and 30fps for all three materials tested in coal slurries is due to a fluid mechanics effect in the slurry pot which will be discussed be.low. Figure 6 shows the effect of coal particle water content on the erosive wear of A-53 mild steel and 316SS, The data indicates clearly that as little as 1 percent by weight of water in the coal particles <is sufficient to reduce eros ion by a factor of about 2 re 1 ati ve to an equivalent dry coal particle slurry. The large reduction in erosive wear may be due to cushioning or lubrication-like properties of thin water films enveloping the coal particles. Additional and more extensive experimentation will be necessary to help understand this phenomenon.
The effect of temperature on erosion of A-53 steel is shown in Figure 7 . Surprisingly, the curves indicate decreasing erosion with increasing temperature. As will be shown below, the decrease in slurry viscosity with temperature did not ·increase erosion. Decreased erosion with increasing temperature may be due to a surface tension effect. Reductions in slurry surface tension at higher temperature would facilitate the gradual inclusion of nitrogen gas bubbles in the slurry from the rring action in the pot. The gas in suspension could act to "cushion 
EMPIRICAL CORRELATION OF THE RESULTS
The experiment a·! data of this work was corre 1 a ted by reference to dimensional analysis considerations followed by least squares poly~ nomial regression. A list of the variables considered to be of impor~ tance in determining rates of erosion in the present experiment is given in Table 2 . Using dimensional analysis these variables may be combined as follows to yield a dimensionless rate of erosive wear: 
Ppvp
( 1) ( 2) ( 3) ( 4) ( 5) (6) (7) ( 8)
In equation ( 1 ) the dimensionless groups have the physical i nterpretation given in Table 3 .
There is evidence to suggest (ll) that in liquids, for the partie le ranges considered here and for fluid velocities less than about 10 m/sec, the difference between particle and fluid phase mean velocity is small, especially if PpiPF ~ 1. Thus, neglecting slip * velocity (Vp ~ 0; VP = V, the fluid velocity) equation (1) reduces to: (2) Further simplification of equation (2) comes as a result of noting that 6/Dp 1 for the lowest velocity in the present work (3.05 m;sec). This result 1 suggests that viscous effects, tending to 11 Cush·ion 11 particle impact on the surface undergoing erosion, were negligible in the present investigation. Indeed, correlations performed reta·ining the 11 impa ushioning" number yielded worse agreement with experimental results than corre·lations without it. The simplest form of equation (2) Table 4 together with the parameter ranges covered by the experimental results. Figure 9 provides a relative indication of the goodness of fit of the regressed equation. Thus
data clustered about 9.5 in the figure, corresponding to coal, has an lThe estimate is made by taking a = C1 (vR/v)l/2 from reference 12 where R is the sample tube radius, v the kinematic viscosity and C1 a constant of order unity.
2The constant 13.8 in equation (3) is a "conversion factor" between Brinell and Mohs hardness scales derived from data for gold in refer~ ences 8 and 9. It is included here to ensure "dimensional" consistency. Strictly, the conversion factor is nonlinear but a more accurate determination of this parameter requires the availability of data tabulated for various materials in Brinell and Mohs units of hardness. Such data does not appear to exist. The coefficients in Table 4 show that the rate of erosive wear increases with pp, cp and v increasing and with ss and sp decreasing. The last result is explained, in part, by the fact that hard mineral particles tend to be brittle and upon impact with a solid surface a substantial port·ion of their kinetic energy can go into particle comminution rather than erosive wear. It would appear that this was the case in the present work.
CONCLUSIONS AND RECOMMENDATIONS
An experimental apparatus for the determination of accelerated erosive wear of ductile materials by solid particles has been described. The system has been used to investigate the accelerated erosion of A-53, 304SS and 316SS steels by coal and silicon carbide suspensions in kerosene at 25°C. The various effects of particle velocity, density, concentration and hardness on erosive wear were determined quantitatively. The experimental results were correlated using dimen~ sional analysis considerations followed by least squares polynomial regression. The average predictive error of the empirical fit was found to be about 14 percent at higher rates of erosion and 19 percent at lower rates. Particle angle of attack and its influence on erosion
were not considered in the study, although by virtue of the experiment, the effect is included in an integrated sense.
Relatively large changes in rates of erosion occur in the experiment as a function of particle water content, variation in temperature and fluid mechanical phenomena at high rotational velocities, These indicate clearly the need for rigorous and systematic control of all relevant experimental variables in any experiment.
It is obvious that a standardization of experimental equipment and of experimental methodologies for determining erosive wear are required. The present system, although imperfect, represents a step towards this goal. The apparatus described is in the process of being Characteristic thickness of fluid layer near eroded material surface where viscous effects are important.
Eroding particle diameter.
Eroded material yield stress or Brinell hardness for metals.
Eroding particle yield stress or Mohs 1 hardness for minerals.
Mean particle velocity relative to carrier-fluid velocity.
Surface normal component of mean particle velocity relative to eroded material su ace.
Mass density of fluid phase.
Mass density of eroding particle phase.
Fluid viscosity. Mass eroded from the surface per particle impact.
Relative measure of inertial to viscous effects for the par ticles in suspension.
Argued to be a measure of the extent to which viscous effects "cushion~~ particle impact on the eroded surface.
Relative measure of particle to fluid phase density (characterizes relative inertial effects of the two phases).
Ratio of particle relative velocities (characterizes slipvelocity effects).
Argued to be a measure of the extent to which the fluid phase dilutes the kinetic energy content of the particle phase in suspension.
Relative measure of the "energy barrier" which suspended particles must overcome upon impact to yield conditions propitious for erosion.
Postulated as an indication of the "tendency" for erosion to occur upon impact of particles with sufficient energy to cause erosion.
Names in quotes have been coined by reference to phys·ical interpretation of the respective dimensionless groups. 
